A new class of functionalised dicationic ionic liquids, containing a central cationic unit capped by a basic functionality (imidazole), has been synthesised. These salts have been characterised in isotropic solution using proton and 2D-NMR spectroscopy, and their thermal stability has been studied by DSC and TGA. All these novel salts contain the 1-(1-imidazolylmethyl)-3,5-di{1-(3'-octylimidazolylmethyl)}-benzene cation as a defining structural motif. Salts of both singly and doubly charged anions were prepared and, in particular, the selected monoanions (Br
Introduction
Efficiency, thermal stability and eco-sustainability are a trio of terms that have attracted the interest of the scientific community and have favoured the growth of ionic liquid research. Currently, thousands of ionic liquids are known of which the vast majority consists of monopositive cations.
1,2 Room temperature ionic liquids with dipositive cations are rare, hence their physical behaviour is not well understood. [3] [4] [5] [6] [7] [8] [9] Tripositive cations are even scarcer. [10] [11] [12] The interest in dicationic ionic liquids is largely due to their high thermal stability, higher than that normally characterising the corresponding monocationic ionic liquids. This has recently allowed their use as media when high temperatures are required. [13] [14] [15] [16] In addition, their added stability has allowed them to be used for coating columns for use as stationary phases for capillary gas chromatography, showing both good coating properties and chromatographic separation abilities. 17 Moreover, the use of dicationic ionic liquids enables greater flexibility in tuning their physicochemical properties. In particular, the possibility of producing unsymmetrical dicationic or dianionic moieties creates a new opportunity to control ionic liquids properties. Indeed, both the nature of the dicationic head groups and the core structure may significantly affect the three-dimensional supramolecular structure. [18] [19] [20] [21] In terms of designing ionic liquids for specific applications, these dicationic ionic liquids open up the possibility of combining a resistance to high temperature with catalytic activity. In order to pursue this goal, the catalytic functionality could be situated on the anion, on the cationic head group, or alternatively on the spacer (for example, in the present case a benzene core), yielding multi-functionalised ionic liquids. To date, only a few dicationic functionalised ionic liquids have been reported in the literature, and in these cases the catalytic ability is due to specific properties of the anion, 22 or to the presence of an acid functionality on the cationic head. 23 In some other cases, the reported catalytic ability is a result of the formation of an organometallic complex. 24, 25 Here, we describe the structure-property relationships and thermal behaviour of a series of multi-positive imidazolium ionic liquids paired with multi-negative anions with respect to properties and applications. [26] [27] [28] [29] [30] In particular, we thought it could be interesting to study new dicationic ionic liquids functionalised with a basic moiety. 31 In order to pursue this goal, we chose 1,3,5-tris(bromomethyl)benzene as the key synthetic precursor and prepared nine functionalised dicationic salts bearing the 1-octylimidazolium ion as the cationic head group.
The third position of substitution on the central core was taken up by a neutral imidazole unit. This class of ionic liquids was hence characterised by the presence of the 1-(1-imidazolylmethyl)-3,5-di{1-(3′-octylimidazolylmethyl)}benzene cation ([2C 8 bti] 2+ , where bti indicates a benzene-tris-imidazole unit bearing two octyl alkyl chains (2C 8 ) on two different imidazole rings) (2a-i) (Scheme 1). As for anion properties, both mono-and dianions were used. In particular, three monoanions of different sizes, shapes and coordination abilities -bromide, tetrafluoroborate, and bis{(trifluoromethylsulfonyl)}amide ([NTf 2 ] − ) -were used.
For the dianions, the presence of two charged head groups on the same spacer could affect the spatial arrangement of cation-anion pairs and, on the whole, the three-dimensional structure of ionic liquids. In order to evaluate the influence due to the different nature of the charged head groups, both sulfonate and carboxylate anions were used. Furthermore, the effect due to the different nature and flexibility of the spacer was also analysed. In this light, both aromatic and aliphatic spacers were considered. In particular, bearing in mind the role played by π-π interactions in determining the structural order, we used aromatic spacers having different degrees of delocalisation. ) anions were also synthesised. The spacers of the above anions were designed to be flexible, but to possess chain lengths similar to those separating the charged head groups in the 1,4-benzenedicarboxylate or 1,5-naphthalenedisulfonate (cf. 1,4-butanedicarboxylate) and 2,6-naphthalenedisulfonate or 2,6-naphthalenedicarboxylate (cf. 1,6-hexanedicarboxylate) anions.
The thermal stability and melting temperatures, as affected by both cationic and anionic structures, were studied by thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC).
Results and discussion

Synthesis of dicationic salts
The dicationic bromide was synthesised by using a two-step procedure. In the first step using the 1,3,5-tribromomethylbenzene as the starting material, the neutral precursor 1,3,5-tris-(imidazolemethyl)benzene (1) 32 was obtained (Scheme 2). The
Scheme 1 Structures of dicationic functionalised salts used.
Scheme 2 Schematic representation of the synthesis of diimidazolium bromide.
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following alkylation of precursor (1) in ethanenitrile solution allowed us to obtain the corresponding dibromide salt 2a (Scheme 2). In order to carry out the anion exchange, the most widely used metathetic reaction was used to obtain the bistrifylimide derivative. 33 Indeed, most of the salts used in this work showed a very low solubility in conventional organic solvents and we used a previously reported exchange protocol on resin, 34 converting the bromide (2a) into the corresponding hydroxide that was subsequently neutralised in the presence of conjugate acids of the anions. According to previous reports, this procedure allowed us to obtain the organic salts with high yields and avoid the use of large volumes of organic solvents.
H NMR spectroscopic results
First, the behaviour of the diimidazolium salts was studied in dmso-d 6 solution, as a function of the temperature, by using both 1D-and 2D-NMR measurements. Indeed, the 1 H NMR spectrum of 2a at room temperature showed an unexpected signals shape that induced us to suppose the presence of different conformers. Besides, our substrates showed a structural similarity to coelenterand molecules, frequently claimed to possess different conformational isomers. 35 In this light, to verify the presence of different conformational equilibria and to evaluate the effect of the temperature, 1D-NMR spectroscopic measurements were carried out in the range between 300 and 390 K. The temperature range was chosen on the grounds of the freezing point of dmso-d 6 and the highest operational temperature of the NMR spectrometer. In Fig. 1 function of the temperature, for all organic salts, are reported in Fig. 1 
of ESI †).
As the temperature increases, an up-field shift for the H(2) proton of the imidazolium ion (∼9.5 ppm) and a down-field shift for the benzylic protons bearing the imidazolium ion (∼5.5 ppm) are observed. In general, the extent of the observed shift was more significant for the H(2) of the imidazolium ion than for the benzylic protons (Δδ Hi ∼ +0.05 and −0.09 ppm for benzylic protons and H(2) of the imidazolium ion, respectively).
Since the analysed protons show very different chemical shifts, our data were plotted as Δδ Hi (T), where Δδ Hi (T) = δ Hi (T) − δ Hi (300 K) and examined for the correlation between Δδ Hi and T values. Fig. 3 shows the chemical shift variations for the analysed signals as a function of both the temperature and the different nature of the anion, and the linear regression data are given in Table 1 . The equations fitted are given below: 
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It is noteworthy that in the case of 1,6-hexanedicarboxylate and 1,4-butanedicarboxylate ions, we were not able to analyse the experimental trend for the H(2) proton of the imidazolium ion in the whole temperature range. Indeed, in these cases, at 370 K, a significant decrease in the corresponding signal area was detected ( Fig. 1h -l of ESI †). Probably, this was a consequence of the acid-base reaction between the carboxylate and the H(2) proton of the imidazolium ion. It is known that aliphatic amines are able to extract the H(2) by the imidazolium ion. 41, 42 This reaction has been frequently reported in the literature and has been widely used to favour carbene complexes. [43] [44] [45] [46] [47] [48] [49] However, this reaction seems to be affected by the anion structure. Indeed, it did not occur in the presence of the [1,4-bdc] Table 1 showed how the temperature effect was different both as a function of the nature of the observed protons as well as the anion nature. Among the observed protons, the highest variation in Δδ Hi was detected for the H(2) proton of the imidazolium ion. Indeed, in this case, slope values ranged from 0.000391 up to 0.000928 ppm K −1 , whereas for the benzylic protons these values ranged from 0.000107 up to 0.000562 ppm K −1 . Changes in chemical shift values seem to be also affected by the anion nature. As far as benzylic protons are concerned, the highest Δδ Hi were detected for the bromide ion (2a) and the anions having aliphatic spacers such as 1,6-hexanedicarboxylate and 1,4-butanedicarboxylate ions (2h and 2i). However, no significant differences were detected between the behaviours of the latter two anions. A comparison of the data reported in Fig. 3a anions.
Bearing in mind the possibility of the occurrence of different conformational equilibria, our data seem to indicate a certain relevance of anion properties in determining the conformers distribution in isotropic solution. In particular, significant changes in chemical shift values should be the result of significant changes in the spatial arrangement of the cation structure. In the light of the above considerations, among the tested anions, the naphthalenedisulfonate anions seem to induce the formation of the most tight ion pairs in which only small variations in the cation conformation are allowed.
Recently, some of us have investigated the geometry of the interactions between the 3,3′-dioctyl-1,1′(1,3-phenylenedimethylene)diimidazolium cation and the 1,5-naphtalenedisulfonate anion. 50 In the optimised geometry the anion is embedded in a kind of close cage formed by two aromatic rings of the cation. The sulfonate group of the anion interacts simultaneously through hydrogen bonds with two imidazolium rings belonging to different cations. A similar geometry could be also effective in our case; this arrangement certainly limits the cation conformational freedom and should be supported by the experimental evidence of cation-anion interactions (see later). The above hypothesis was confirmed by the presence of cross-correlations peaks in 2D NOESY spectra recorded for diimidazolium salts having aromatic dianions. For example, in the case of naphthalenedisulfonate salts (2d) and (2e) (Fig. 4 of the text and Fig. 2a of ESI †), interactions between benzylic protons in the cation and anion protons (5.34-7.38 ppm for 2d and 5.14-7.71 ppm for 2e respectively) were evidenced. On the other hand, for 1,4-benzenedicarboxylate salt (2f ), in addition to the above interaction (5.41-7.77 ppm), interaction between the H(2) proton of the imidazolium ion and anion protons (10.24-7.77 ppm) was also detected (Fig. 2b of ESI †) . In Fig. 4b a schematic representation of possible interactions between the cation and the anion is shown.
Obviously, the variation in chemical shift values depends on the fact that each anion by virtue of its rigidity or flexibility and coordination ability can cause a particular arrangement of cation-anion pairs and as a consequence different conformational equilibria.
DSC measurements
The functionalised dicationic salts were studied using DSC measurements, and the melting point, the enthalpy and the entropy variations relating to the melting process were obtained. Data collected are reported in Table 2 , whereas DSC Table 1 Correlation parameters corresponding to chemical shift variation as a function of temperature for the H(2) of the imidazolium ion and CH 2 attached to imidazolium, according to eqn (1) and (2) Fig. 3 of ESI, † and a typical trace is shown in Fig. 5 . We were not able to observe the melting process in the case of 2g likely due to the small enthalpy variation. For all other systems, the peaks in DSC traces are quite broad, and in some cases shoulders are observed. This result, according to a previous report of Armstrong and co-workers, could be a consequence of the high viscosity of the liquid phases obtained from the melting process. 3 However, as stated above on the basis of NMR measurements and according to previous reports in the literature, 51, 52 it could be also complicated by the high flexibility of the cation that can adopt different conformations giving rise to different energies of the crystal lattice and multistep transitions.
Perusal of the data reported in Table 2 allows us to make some observations. Notwithstanding the quite complex cation structure, all the analysed organic salts were able to behave as ionic liquids as accounted for by their melting temperatures. In general, this parameter changes in a narrow range (50.4-57.9°C), with the lowest value detected for 2e and the highest for 2f. Wider ranges have been previously reported for dicationic imidazolium salts having an aliphatic spacer. 3 Analysis of T m values evidences how the different nature of the anion induces only small differences. The collected data do not allow us to make a clear distinction between mono-and dianions.
However, taking into account monoanions, the melting temperature decreases on going from 2a to 2b and 2c. This result perfectly agrees with the observation previously reported in the literature about the decrease in melting temperature of ionic liquids induced by the presence of fluorine containing anions. 12, 53, 54 On the other hand, for dicarboxylate salts the melting temperature increases on going from 1,4-butanedicarboxylate (2h) up to 1,4-benzenedicarboxylate (2f ), outlining a certain influence on the analysed parameter of both the length (2h-i) and the nature of the spacer (2h and 2f ). In particular, Organic & Biomolecular Chemistry Paper the presence of an aromatic spacer, the distance between the charged heads being the same, induces a significant increase in melting temperature.
Obviously, the melting temperature should also account for the strength of the cation-anion interactions that give rise to a different packing in the solid state. Then, a higher melting temperature can be confidently ascribed to the presence, also in the solid state, of a tighter ion pair.
Analysis of thermodynamic parameters allows us to have further information about the differences induced by the anion nature. The ΔH m values increase on going from monoto dianions and among dianions, they increase on going from carboxylate (2f-i) to sulfonate salts (2d-e). Among monoanions, ΔH m increases from bromide (2a) to tetrafluoroborate anion (2b), according to the increase in anion hydrogen bond acceptor ability. In contrast to the data previously reported by Matsumoto and co-workers, 55 this factor, rather than the symmetry of the anion, seems to be the key factor. Our hypothesis is also supported by the highest change in entropy value detected for the tetrafluoroborate salt (2b) accounting for a more extended hydrogen bond network whose melting induces the greatest disturbance. Furthermore, the highest enthalpy variations associated with the melting process of naphthalenedisulfonate anions seem to remind us of their lowest conformational freedom detected in isotropic solution by means of NMR investigations. Analysis of the data corresponding to dicarboxylate anions shows that the ΔH m values increase on going from the aromatic 1,4-benzenedicarboxylate anion (2f ) to the aliphatic ones (2h-i), with the 1,6-hexanedicarboxylate salts showing the highest enthalpy variation. The comparison of these values seems to indicate that with an increase in the anion flexibility, the melting process gets enthalpy disfavoured.
As, in the different cases, we found a qualitative correspondence between melting parameters and conformational equilibria, we attempted to correlate ΔH m with the slope of the linear correlation describing the temperature effect on the chemical shift. For this purpose, in Fig. 5 of the ESI †, a plot of NMR correlation parameters (slope values reported in Table 1 ) related to benzylic protons as a function of ΔH m values is reported. Indeed, with the only exception being the data corresponding to 2f, two distinct linear trends were observed for mono-and dianions, probably indicating that the temperature effect on the cation-anion interactions works to a different extent but in parallel in solution and in the concentrated liquid phase.
TGA measurements
The thermal stability of all the organic salts was investigated by means of TGA experiments. An example of a typical TGA trace is shown in Fig. 6 . The TGA traces are reported in Fig. 4 of ESI, † and the decomposition temperatures and the percentage of loss in weight corresponding to the observed degradation steps are reported in Table 2 .
With the only exception of 2g, in all other cases we detect at least two steps in the degradation process.
In all cases we considered the temperature corresponding to the first degradation step (T d1 ) as the operational limit for the studied ionic liquids. In this light, the operational limit for the dicationic ionic liquids ranges from 228.8°C for [2C 8 31, 56 In general, our ionic liquids show a lower thermal stability with respect to dicationic pyrrolidinium and imidazolium salts having aliphatic spacers previously reported by Armstrong and co-workers. 3 The very different thermal stability could be a result of the different nature of the spacer used. However, alternatively in our case, it could be also ascribed to the higher substitution degree induced by the presence of the basic functionality in the cation structure that gives rise to the different conformers (see above). Similar results have been previously obtained by analysing the thermal stability of some unsymmetrical dicationic ionic liquids. 3, 57, 58 Perusal of the data reported in Table 2 evidences how, differently from the melting process (see above), the decomposition process is significantly affected by the anion nature. Reversible dealkylations of imidazolium salts via a nucleophilic attack by the anion could account for the decomposition process. In general, with the only exception of 2e, in the presence of monoanions, the full degradation process occurs in a larger temperature range with respect to the one detected for dianions. Furthermore, in the series of monoanions, T d1 values decrease following the order:
The lowest stability of bromide salt (2a) perfectly agrees with the data previously reported about monocationic imidazolium salts and also in this case it could be ascribed to the highest anion nucleophilicity. [59] [60] [61] [62] In going from mono-to dianions, the thermal stability seems to be affected by both the nature of the charged head and the spacer. Indeed, among dianions, the naphthalenedisulfonate salt 2d shows the highest thermal stability, possibly 
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Organic & Biomolecular Chemistry due to contributions from π-stacking and unlike the melting process. The different isomeric substitution seems to play a role. Indeed, decomposition temperature decreases in going from 2d to 2e. As mentioned before, in all cases we detected multi-step degradation processes. As far as dicarboxylate salts are concerned, the decomposition temperature increases on going from aliphatic (2h-i) to the aromatic spacers (2f-g). On this subject, dicarboxylate salts seem to show a further peculiar behaviour. Indeed, their TGA traces were characterised by a significant first loss in weight occurring at temperature values lower than 150°C that, according to previous reports, 63 should account for a decarboxylation process. In Table 3 , temperatures, and experimental and calculated weight loss corresponding to decarboxylation processes of these salts are reported. Perusal of the above values evidences a higher tendency of 2h-i to decarboxylate as accounted for by a lower difference detected between calculated and experimental percentages of loss in weight. Taking into account the anion aromatic spacers, the increase in the π-surface extension seems to negatively affect the thermal stability, as accounted for by the decrease in decomposition temperatures on going from 2f to 2g. On the other hand, a higher flexibility of the spacer induces a higher thermal stability, as testified by the increase in the T d1 values on going from 1,4-butanedicarboxylate (2h) to 1,6-hexanedicarboxylate (2i) salt. Interestingly, the different nature of the charged head seems to be a key factor in determining the thermal stability of the studied ionic liquids, as testified by the comparison of the data relevant to [2,6- 
Conclusions
In the framework of our interest in the synthesis and applications of ionic liquids, we have synthesised a new class of dicationic functionalised ionic liquids -these contain a basic cationic functionality, and either mono-or di-anions with spacer units. The effect of changing the structural parameters was systematically investigated, and (in particular) the VT NMR analysis showed a significant influence of the nature of the anion. In contrast, DSC results seem to indicate that the anion structure has little effect on the solid-liquid transition, as revealed by the narrow melting temperature range detected, despite the wide range of structurally diverse anions.
The ionic liquids all show multi-step degradation processes. As noted in other TGA studies, the nature of the anion seems to determine not only the degradation temperature, but also the degradation pathway. These materials, however, show a particularly high decomposition temperature, perhaps allowing their use as high temperature reaction media. These data suggest the possibility of having catalytic solvent media that can be used over a wide range of temperatures without the problem of catalyst loss, and with a significant green benefit.
Experimental section
Materials and measurements 1,3,5-Tris(bromomethyl) benzene, 1-bromooctane, imidazole, sodium hydroxide, Amberlite IRA 400 resin, 1,5-naphthalenedisulfonic·4H 2 O acid, terephthalic acid, 1,4-butanedicarboxylic acid, 1,6-hexanedicarboxylic acid, 2,6-naphthalenedicarboxylic acid, tetrafluoroboric acid (50% w/w), lithium bis{(trifluoromethyl)sulfonyl}amide, IR 120 PLUS resin, and sodium 2,6-naphthalenedisulfonate were analytical reagents purchased from commercial sources and used as received. Dichloromethane was distilled prior to use. H}-NMR, 2D COSY-NMR and 2D NOESY-NMR spectra were recorded using Bruker AV-300 and AV-400 nuclear magnetic resonance spectrometers. Chemical shifts were reported relative to SiMe 4 . 1 H-NMR spectra at variable temperature were recorded using a 400 MHz nuclear magnetic resonance spectrometer at the following temperatures: 300 K, 330 K, 350 K, 370 K, and 390 K.
ESI-MS spectra were recorded using a Waters LCT Premier ES-MS instrument with an Advion Nanomate infusion system.
The temperatures of decomposition, as well as the mass loss, were measured using a TA instrument TGA Q5000 thermogravimetric analyzer, at a heating rate of 5°C min −1 under nitrogen flow. For samples 2f-i a significant mass loss (ca. 10%) observed at ca. 100°C was attributed to the thermally induced decarboxylation processes while samples 2a-e showed a very small mass loss (<3.0%) in this range likely due to the moisture content. On this basis, samples 2a-e were kept at 100°C until the time derivative of weight loss was less than 0.001% min −1 to ensure complete solvent evaporation before the heating ramp. The maximum values of the DTGA curves of each thermogram were used as a measure of the decomposition temperature. The mass loss was calculated from the area of the peaks exhibited by the DTG curves. The melting points were recorded using a TA Instrument DSC (2920 CE). The samples were sealed in TA Tzero aluminium pans with hermetic lids. The instrument was calibrated using indium as the standard. The temperature was ramped from 20 to 100°C, at 10°C min −1 . The melting temperature and melting enthalpy were determined respectively from the maximum of the signal and from its area. The DSC Organic & Biomolecular Chemistry Paper chamber was filled with dry nitrogen gas. The melting point of compound 1 was determined with a Kofler.
General procedure for the synthesis of the precursor 1 General procedure for anionic exchange on basic resin used to obtain dicationic salts (2b, 2d-i)
The compounds were obtained by modifying a procedure reported in the literature. 34 Compound 2a was subjected to anion exchange using a basic resin Amberlite IRA-400 with chloride sites. The resin (15.9 g for 0.0037 mol of 2a) was washed with water. Then it was washed with an aqueous solution of NaOH (804 cm 3 
